Recent advances in gyrokinetic simulation have allowed for quantitative predictions of core turbulence and associated transport. However, numerical codes must be tested against experimental results in both turbulence and transport. In this paper, we present recent results from ohmic plasmas in the Alcator C-Mod tokamak using phase contrast imaging (PCI) diagnostic, which is capable of measuring density fluctuations with wave-numbers up to 55 cm -1 .
time, it is not known if even shorter wavelength turbulence would account for the measured electron transport.
Introduction
Early experiments in the Alcator C tokamak observed the "neo-Alcator" scaling of confinement in ohmically heated plasmas, where the energy confinement time ( E τ ) is proportional to the lineaveraged electron density ( e n ). As the density increases, E τ saturates and shows a weak dependence on e n [ 1 ] . This saturation of confinement was interpreted as evidence of the importance of unstable ion temperature gradient (ITG) turbulence when the ion and electron channels are coupled by collisions at high densities.
Previous studies in the Texas Experimental Tokamak (TEXT) [2] and DIII-D [3] presented experimental evidence for the ITG turbulence in the saturated ohmic regime. Although some nonlinear turbulence calculations were based on the DIII-D conditions, there were no quantitative comparisons of simulated and measured turbulence. In addition, the physics of the neo-Alcator scaling in the linear ohmic regime, where the electron transport dominates, is still not well-understood. A few theoretical transport models based on the finite-e β universal-mode turbulence [ 4] , the principle of profile consistency [ 5 ] , or the extreme dissipative trapped electron (DTE) transport scaling [6] [7] [8] show a linear relationship between the confinement time and electron density. The theoretical modeling of TEXTOR plasmas suggests the linear ohmic regime is dominated by the dissipative trapped electron mode (TEM), while the saturated ohmic regime is dominated by the ITG mode [9] [10] [11] [12] . This interpretation is consistent with the fact that the TEM is stabilized by higher collisionality at a higher density, while the ITG mode is only weakly affected by collisionality. An analogous analysis in ASDEX Upgrade provides results consistent with the above interpretation [13] . Moreover, turbulence measurements in ASDEX Upgrade indicate a transition from TEM to ITG as collisionality increases [14] . However, complete nonlinear gyrokinetic simulations are still necessary for a more quantitative comparison between theory and experiment. As a result, revisiting these ohmic plasmas with experimental turbulence measurements and advanced gyrokinetic simulations is essential in quantitatively understanding electron transport, as well as validating the numerical codes.
In this paper, we report the numerical and experimental studies of turbulence and transport in Alcator C-Mod ohmic plasmas. The phase contrast imaging (PCI) diagnostic [15, 16] is used to measure the turbulent density fluctuations. Recent advances in gyrokinetic simulation allow us to quantitatively simulate core turbulence and associated transport [ 17 -22 ] . Moreover, the development of a synthetic PCI diagnostic [23, 24] for GYRO allows for direct and quantitative comparisons between the PCI measurements and numerical predictions. The plasma regimes studied cover both the linear and saturated ohmic regimes, with the goal of resolving a longstanding mystery in transport physics in tokamaks.
This paper is arranged as follows: in Sec. 2, the discharges under study are overviewed; in Sec. 3, the transport analysis with TRANSP are discussed; in Sec. 4, the fluctuation measurements are
presented; in Sec. 5, a comparison is given between fluctuation measurements and GYRO predictions; in Sec. 6, a comparison in transport is given between GYRO simulation and TRANSP calculation. Finally, in Sec. 7 the conclusions are presented.
Target Plasma Parameters
Our experiments were carried out over a range of densities in the Alcator C-Mod Tokamak [25] covering the "neo-Alcator" (also known as "linear ohmic") to the "saturated ohmic" regime. As shown in Fig. 1 , when the line-averaged electron density ( e n ) is below 20 -3 0. 7 scattering ( e n , e T ) and electron cyclotron emission ( e T ) diagnostics [26] . It is seen that the experimental uncertainty of the electron density and temperature measurements is typically ~15%. To further reduce the statistical uncertainty in the data analysis and processing, large data sets are used from steady discharges. All the data, including the plasma equilibrium and fluctuation measurements used in the paper, are averaged over the steady phase (~0.4 sec) of the discharge. These averaged profiles, as shown in . (a)-(c) are electron density profiles and (d)-(f) are electron temperature profiles, where the electron density profiles are measured by the Thompson (TS) diagnostic and the electron temperature profiles are measured by the TS and electron cyclotron emission (ECE) diagnostics. The solid curve is a fit to the experimental measurements using FiTs. Two vertical dashed lines on each plot correspond to the magnetic axis and the last closed flux surface (LCFS), respectively. 
Transport Analysis with TRANSP
In our studies, the thermal transport characteristics are determined with the TRANSP [27] code, which calculates the local thermal diffusivities from the energy balance equations. TRANSP is also used to determine these unmeasured plasma parameters, such as ion temperature profiles, which are necessary in the gyrokinetic simulation. In Alcator C-Mod, the high resolution X-ray spectrometer (Hirex) [28] was used to measure ion temperature profiles but these measurements
were not always available. Thus, the ion temperature profiles used here are calculated from the neutron measurement. TRANSP uses experimental electron density and temperature profiles and a multiplier on the electron diffusivity e χ to obtain an ion temperature profile consistent with the neutron measurement [29] . This modeling is based on two assumptions: first, the ion temperature profile is Gaussian with a width similar to that of the electron temperature profile; second, the ion density is calculated from the electron density using a flat eff Z profile. In the TRANSP analysis presented in this paper, the input eff Z is calculated from the neoclassical resistivity [30] .
To estimate the uncertainty of the modeled ion temperature i T and its gradient 
Fluctuation Measurements
To study the change in turbulent transport as the density varies in ohmic plasmas, it is of great importance to measure the change in turbulent fluctuations. In Alcator C-Mod, the phase contrast imaging (PCI) diagnostic has been used to monitor these fluctuations. The PCI diagnostic measures the line-integrated density fluctuations along the 32 vertical chords of the CO 2 laser beam as shown in Fig. 5 . The signals are detected by 32 photoconductive HgCdTe linear detectors. A more detailed discussion of the PCI diagnostic can be found in Refs. [15, 16, 31, 32] .
The signal of each chord takes the form of ( , ) A ≈ ± , depending on densities. We also note a knee exists in the frequency spectrum when the density is above 20 3 0.7 10 m − × . As the density decreases, the location of this knee in frequency tends to move toward higher frequency. However, the knee feature becomes less pronounced when the density is below 20 3 0.7 10 m
Currently, the cause and influence of this feature is not well understood. Although the radial electric field is not well measured for the considered plasmas, the available measurements indicate that the background Doppler rotation is not enough to reverse the mode propagating direction of the turbulence with the wavenumbers in the ITG and TEM regime.
Therefore, this measurement also shows that the fluctuations in the higher frequency range of 80-250 kHz propagate in the ion diamagnetic direction in the plasma frame. We also want to point out that the above comparison between the estimated density fluctuation level and confinement time as the density varies is limited for two reasons. First, PCI measures line-integrated electron density fluctuations (including both plasma core and edge) and phase cancellation might be important in the line-integration of density fluctuations, which makes it difficult to directly relate the PCI measurement to the local transport. Second, since turbulencedriven transport also depends on other unknown plasma parameters and their correlations (such as potential and temperature fluctuations), large density fluctuations do not always correspond to large thermal transport. To provide better understanding of experimental measurements, we have also simulated turbulence with the GYRO code [17, 18] , which quantitatively relates the fluctuation spectra to transport.
Turbulence Studies with GYRO
To further explore the nature of turbulence and the drive mechanism of thermal transport, we have used GYRO to simulate turbulence and transport. GYRO is a physically comprehensive global code which solves the nonlinear 5-D gyrokinetic-Maxwell equations for both ions and electrons in a local (flux-tube) or 'global' radial domain [17, 18] . The input file is prepared from the output of TRANSP [27] using the data translator (trgk) developed at PPPL. The electrostatic approximation is assumed for all the simulations presented in this paper, since we verified that the contributions from electromagnetic fluctuations are negligible in our simulation of the low-β shown in Fig. 9(b) , are similar to the experimental measurements (see Fig. 7 ). It is useful to integrate the frequency/wavenumber spectra (as shown in Fig. 9b The measured turbulence in the 50-80 kHz range propagates in the ion diamagnetic direction (see we find that /~0.2% e n n (see Fig. 11 ). However, the deduced / 
Simulated Transport with GYRO
GYRO also simulates the thermal transport due to the turbulent fluctuations. It is well known
is a crucial parameter in transport analysis (see e.g. [18, 34, 35] ).
To quantitatively investigate the impact of / Ti a L on thermal transport, we have carried out extensive sensitivity studies at the higher density ( The simulated ion thermal diffusivity can be reduced to the experimental level by further reducing / Ti a L and/or adding E B × shear [36] , but by doing so we find that the simulated electron thermal diffusivity is further reduced below the experimental level.
It is well known that the steep density gradient can further destabilize the TEM turbulence. Thus, we have also numerically studied the impact of varying the density gradient, at the lowest density 
ne e e a L a n dn dr = − at / 0.63 r a = is used to quantify the variation of the density gradient. Recent simulations with characteristic parameters of DIII-D core plasmas by Candy and Waltz [ 37 , 38 ] shows that 10-20% of the total electron transport can arise from the ETG scale
where the ion-scale instabilities are not suppressed. They also showed that if the ion-scale instabilities are suppressed, by removal of the ion free energy [37] or by the presence of ExB shear suppression [38] , this fraction can increase significantly. This result was also confirmed by Goerler and Jenko [39] . However, since the case we are considering has significant ITG drive, it seems unlikely that the ETG scale ( 
Summary and Discussion
In this paper, we reported numerical and experimental studies of turbulence and transport in show that the contribution from electromagnetic fluctuations is negligible in these low-β plasmas.
Therefore, at the present time we are unable to determine the cause of the dominant electron transport in the linear ohmic regime. One possibility is turbulent energy exchange between electrons and ions; 40 this may be important in the low-density linear ohmic regime but has not been explored in our studies. Another possibility, not included in gyrokinetic simulations, is that the electron drift velocity associated with the "ohmic toroidal plasma current" drives electron drift waves which may be more unstable at the lower densities where the electron drift velocity can be a non-negligible fraction of the electron thermal speed and can even exceed the ion acoustic speed. To explore this would require a modification of present day gyrokinetic codes in use.
